Among predators using an adhesive tongue to feed, chameleons are able to capture large prey by projecting the tongue at high acceleration. Once in contact with a prey, the tongue retracts with a comparable acceleration to bring it to the mouth. A strong adhesion between the tongue tip and the prey is therefore required during the retraction phase to ensure a successful capture. To investigate the mechanism responsible for this strong bond, the viscosity of the mucus produced at the chameleon's tongue pad is measured, using the viscous drag exerted on rolling beads by a thin layer of mucus. Here we show that the viscosity of this secretion is about 400 times larger than that of human saliva. We incorporate this viscosity into a dynamical model for viscous adhesion, which describes the motion of the compliant tongue and the prey during the retraction phase. The variation of the maximum prey size with respect to the chameleon body length is derived, and compared with in vivo observations for various chameleon species. Our study shows that the size of the captured prey is not limited by viscous adhesion, owing to the high mucus viscosity and large contact area between the prey and the tongue.
C hameleons are ambush opportunistic predators feeding on a large variety of invertebrate and vertebrate animals, ranging from ants to lizards 1 . They remain motionless, hidden from their own predators, and wait for active prey to come within the reach of a strike. They have developed a highly specialized feeding system based on the ballistic projection of the tongue as far as one to two body lengths with accelerations ranging from 300 to 1,500 m s −2 , depending on the specimen size [2] [3] [4] [5] [6] . This apparatus is combined with a very efficient adhesion allowing the capture of prey weighing up to 30% of their own weight 7 . The ability to project the tongue with such high acceleration has been fairly well understood 5 , but the dynamics of the capture and the mechanism responsible for the strong adhesion between the prey and the tongue remains unclear. Interlocking, where the roughness of both prey and tongue surfaces self-adjust to make physical crosslinks 1, 8 , and a suction mechanism, similar to the one at play in rubber suction pads 9 , have been proposed to supplement viscous (Stefan) adhesion 10, 11 . Here we show that the ability of a chameleon tongue to ensure a close and large contact with prey, thanks to its active deformation during a capture 9 , combined with a high mucus viscosity on its tip make viscous adhesion particularly efficient to capture large prey.
The viscosity of the mucus secreted at the chameleon's tongue pad is a crucial parameter to study the adhesion mechanism. However, this specific fluid is produced in very small amounts by glands in the tongue pad, and its rheology at present remains completely unknown 1 . In contrast, the rheological properties of the gastropod pedal mucus is well documented 12, 13 . This highly viscous mucus (η ∼ 10 Pa s) is a yield stress fluid characterized by a small yield stress (∼100 Pa). It thus behaves as a soft elastic solid only when the applied stress is smaller than the yield stress and, otherwise, flows as a viscous fluid. The elastic stresses involved during a prey capture largely overcome such a yield stress (see Supplementary  Information) .
To obtain the viscosity of the mucus, the drag exerted by viscous forces on small steel beads rolling on a thin film of mucus is used to measure indirectly the viscosity 14 . The mucus is collected from the contact between the tongue pad and a microscope slide placed in front of a prey to provoke a shoot of the tongue. The slide is then placed without delay on a support tilted at an angle θ where the motion of a bead rolling down the slide is recorded with a camera (250 fps). As shown in Fig. 1 , after a short transient stage, the bead moves at constant velocity, v c , which is determined by θ, the fluid and the bead properties as follows
The quantities γ 70 mN m −1 , η and h s are the surface tension, viscosity and thickness of the mucus layer, respectively. ρ b and R are the density and radius of the bead. g is the gravitational acceleration, α = 1.6 ± 0.06 and β = 1.35 ± 0.05 are numerical constants determined experimentally 14 . C v = 0.014 is the relevant value to be used in our case because the capillary number (ηv c /γ ∼ 0.04) is much smaller than 1 (ref. 14) . The validity of the method was checked with fluids of known viscosity (see Supplementary Information). The various measurements of the bead motion reported in Fig. 1 yield comparable velocities, indicating that the fluid parameters, and in particular h s , were similar in all experiments. They do not show any evidence of an elastic behaviour of the mucus. From equation (1), the viscosity is found to lie in the range η = 0.4 ± 0.1 Pa s, which is much larger than that of human saliva (∼ 10 −3 Pa s; ref. 15) . The relatively large error is related to the uncertainty about the thickness of the mucus layer, h s = 25 ± 10 µm, which was determined by weighing and measuring the area of the film.
This unexpectedly large mucus viscosity strongly suggests that the prey sticks to the chameleon's tongue through viscous adhesion. However, knowing the value of this quantity is not sufficient to determine the adhesion strength. The strain/shear rate in the fluid film, which is only significant during the retraction phase, should also be known to determine the magnitude of the viscous forces 10, 11 . For this purpose, we introduce a dynamical model for the retraction phase. Figure 2 shows typical kinematics data of a prey capture recorded with a high-speed camera (1,000 fps), featuring two main phases: tongue projection and retraction. The chameleon first estimates the distance while the tongue slowly protrudes out of the jaws 16 . Then, the accelerator muscle contracts radially to squeeze against the entoglossal process of the hyoid skeleton, which leads to the projection of the tongue with a high acceleration 5, 17, 18 . The acceleration decreases sharply (P 1 regime) to almost vanish, such that the tongue moves at a roughly constant velocity (P 2 regime) 3, 5 . The tongue then decelerates, its elongation approaching the maximal extension, and hits the prey before stopping when the velocity vanishes and the acceleration reaches a local extremum (P 3 regime). The tongue retraction then starts, with a retraction force of roughly 1 N (ref. 19) , the velocity increases while acceleration decreases, and finally almost vanishes (R 1 regime). The remainder of the tongue retraction phase is performed at essentially constant velocity (R 2 regime).
This typical sequence shows that, after the tongue whips out the mouth at high acceleration, it moves essentially at roughly constant velocity except near the retraction point 5, 9 . Therefore, the tongue does not behave like a stretched elastic material over its whole elongation, but only in a small region around the capture point. This is consistent with the observation that the tongue is made of nested sheaths sliding along one another like the tubes of an extending telescope 5 . Stretching occurs only once this telescopic structure has been fully deployed. To describe the retraction phase, we thus model the tongue as a spring of stiffness k stretched over a distance d which is only a fraction of the prey-jaws distance (see Supplementary Information for the case of a constant retraction force).
The retraction phase is described by considering a prey of mass m p at a position x p attached by a viscous fluid of thickness h to a tongue of mass m t and position x t . A force f t retracts the tongue and produces a sudden increase of the mucus thickness (dh/dt ≡ḣ > 0), inducing a viscous force f a acting on both the tongue and the prey (see Fig. 3a ). This force is due to the Poiseuille flow that is created in an incompressible viscous fluid when it deforms:
where Ω is the (constant) fluid volume 10, 11 . This time-dependent force features two opposite effects. At the onset of retraction, the rate of thickness variation,ḣ, induces a sharp increase of the adhesive force, which reaches a maximum value comparable to the retraction force. However, at longer time, the adhesive force vanishes due to this increase in thickness, which impacts f a through the strong dependence h −5 . The rate of thickness variation is also determined by the prey mass. Moving heavier prey requires larger f a , that is, largerḣ, which in turn induces a sharper decrease of the adhesive force reducing the detachment time. These mechanisms explain the existence of a maximum prey mass.
To obtain this maximum prey mass quantitatively, we solve the following equations of motion
with the initial conditions x p (0) =ẋ p (0) =ẋ t (0) = 0 and x t (0) = h 0 (see Supplementary Information for the role of gravity or the (8), (11) and (12) for F a and H are also shown.
direction of the applied force with respect to the horizontal). Σ = Ω/h 0 is the initial contact area between the prey and the tongue and h 0 is the initial mucus thickness. The influence of the tongue curvature,1/R t , on the viscous flow is neglected, since h/R t 1. The Heaviside function H(x) is added to describe an applied (retraction) force vanishing when the tongue has reached a retraction distance d (that is, when x t > d + h 0 ). Therefore, beyond that distance, only inertia is involved, h stays constant, and both the tongue and the prey move at constant speed. This implies that the prey can detach only before the tongue reaches the position d + h 0 . This system is characterized by the length scale = (α 2 /m t k) 1/10 and the timescale τ = (m t /k) 1/2 , which are used to adimensionalize the equations of motion as follows
To illustrate the dynamics produced by this model, Fig. 3b shows the variations of H and F a =Ḣ /H 5 as a function of the tongue position X t for some typical values of H 0 and D. Depending on the magnitude of m, two different behaviours are observed. When m ≤ m , H stays finite and there is no detachment. The adhesive force F a always vanishes precisely at X t = D + H 0 , where F t cancels and H is therefore constant beyond that distance (Ḣ = 0). The prey then stays attached to the tongue, since both move at the same speed. However, when m > m , H diverges at some detachment distance X t , leading to a sudden decrease in the adhesive force. Therefore, a detachment of the prey occurs when m is larger than a critical value m (H 0 , D), derived analytically below.
Except from a tiny region near the onset of retraction, Fig. 3b shows that when the adhesive force is non-vanishing it satisfies in good approximation the following relation
Substituting equation (8) into equations (5) and (6) and solving the ODE leads to the tongue and prey positions as a function of time
These approximate solutions imply that H stays close to H 0 during the retraction. The correct time dependence of H can nevertheless be obtained from the adhesive force, which, using equations (8) and (9), reads
An integration leads to the variation of the mucus thickness as a function of time
These approximate expressions (11) and (12) agree very well with the numerical solutions as seen in Fig. 3c,d and are valid until F a vanishes. Interestingly, the approximate solution captures very well the divergence of H that occurs only when Λ ≤ 1. In such a case (unsuccessful capture), the adhesive force vanishes while the retraction force still applies to the tongue, leading to a prey detachment at time T = T , or equivalently at X t = X t , given by
After detachment, the prey moves at constant speed V p (T ) = (4mH When Λ > 1, the mucus thickness H increases to reach a maximum value H = H 0 [Λ/(Λ − 1)] 1/4 (see equations (9), (12) and Fig. 3c) . Therefore, the adhesive force acts on the prey until the retraction force vanishes when the tongue reaches the position
The necessary condition for a successful capture, Λ > 1, imposes the following constraint on the prey mass:
Returning to the physical variables, the maximum prey mass is therefore given by
where ρ 1,050 kg m −3 is a typical prey density and V the prey volume 20 . The values of the parameters assumed to be constant are: η = (0.4 ± 0.1) Pa s and h 0 2h s = (50 ± 10) µm. In contrast, the morphological parameters, k, Σ and m t depend on the snout-vent length, L SVL , of the specimen. From kinematics and morphological data found in the literature for various chameleons, we get k = (223 ± 50)L SVL , Σ = (2.6 ± 0.4) 10 −3 L (14) can also be obtained from a scaling approach by balancing the work of the retraction force and the prey kinetic energy (see Supplementary Information).
Using these parameter values, equation (14) can be written as a function of the chameleon body size as (15) in MKS units. In the literature, two studies report in vivo analysis of the stomach contents of a large number of chameleons to determine the mean maximum prey size in relation to the chameleon size 21, 22 . Figure 4 shows a comparison between these data and equation (15) . The maximum prey size estimated from the adhesion model is close but always larger than the experimental data, and follows the global trend with a similar exponent. Viscous adhesion alone is therefore largely sufficient to allow the capture of very large prey. Actually, the adhesive mechanism appears to be outsized with respect to the usual prey found in stomach contents. However, this outstanding adhesion strength allows chameleons to occasionally capture birds, lizards or mammals, when they have the opportunity. Viscous forces could also explain the reported capture of prey weighing 30% of the chameleon body mass 7 . For a specimen with L SVL = 0.1 m, for example, the lower estimate of the maximum prey mass is about 55% of the chameleon body mass. Notice that, during some captures, the maximum prey size could be lowered by a smaller contact area due to imperfect shooting or by gripping of the prey, both effects not considered here.
Considering the maximum retraction force f max = kd, equation (14) can be rewritten as
. It may appear paradoxical that m p decreases when the applied retraction force increases. However, as shown by equation (11) , a larger applied force leads to a larger rate of thickness variation,ḣ(0) ∼ h 5 0 f max , which in turns yields a sharper increase of h and, therefore, a faster detachment of the prey. Equation (14) shows that two parameters influence positively the adhesive trap: the fluid viscosity and the contact area. For the sake of comparison, if the viscosity of the chameleon tongue secretion was similar to human saliva (η 10 −3 Pa s), the maximum prey size would be reduced by roughly a factor of 50, making this mode of capture extremely inefficient. The shape of the tip of the chameleon tongue, which is large and forms a kind of cup during a capture due to the action of specific muscles 9 , allows a drastic increase of the tongue-prey contact area, Σ. For small prey, that is, smaller than the tongue's tip size, this active deformation leads to a large embedding of the prey within the tongue, facilitating its capture. For large prey considered here, such an embedding is impossible, limiting the maximum prey size, as computed above.
Interestingly, Plethodontidae (salamanders) also use a ballistic tongue to capture prey, and have also developed a large and flexible tongue pad to engulf the prey and thus maximize the contact area 23, 24 . Other predators also use the tongue to capture prey without resorting to ballistic projection (for example, Bufo terrestris (southern toad) or Rana pipiens (leopard frog)). It would therefore be very interesting to follow the methodology developed here, namely measuring the mucus viscosity, the contact area and the retraction force, for these specimens, to compare the predicted maximum prey size with the size of their largest prey.
Data availability. The data that support the plots within this paper and other findings of this study are available from the corresponding authors on request.
